Abstract: Torque production capability of permanent magnet synchronous machines (PMSMs) depends on the magnetization state of the permanent magnets (PMs). Electrical stress, thermal stress, or the combined effect of both can produce demagnetization of the PMs, which eventually can result in several adverse effects including decrease in the motor torque and efficiency, and increase of the torque ripple and vibration, eventually degrading the performance and reliability of the motor and drive system. A number of approaches have been proposed for detecting PM demagnetization using model-based flux estimation, signal injection, spectrum analysis of current/back-EMF; however, all these methods show limitations in terms of invasiveness, implementation cost and/or reliability of the diagnosis. In this paper, accurate PM demagnetization detection based on measurements from hall-effect sensors is proposed. Such sensors are often mounted in commercial PMSMs, the proposed method can therefore be implemented at practically no cost.
I. Introduction
Permanent magnet synchronous machines (PMSMs) have been the focus of significant research efforts due to their high efficiency, high power density, good dynamic response, and ease of control compared with other types of machines [1] - [22] . Since the torque production capability of PMSMs directly depends on the magnetization state of PMs [1] - [2] , methods for detecting PM demagnetization at an early stage have been intensively investigated [3] - [22] . Demagnetization is typically caused by a combination of electrical and thermal stresses [3] - [4] . Demagnetization in PMs can occur locally causing partial demagnetization, or globally resulting in uniform demagnetization [3] . Local demagnetization can potentially reduce the motor torque and efficiency, also increasing the harmonic content of the stator current, producing torque ripple and vibration. Global demagnetization has a more severe impact on the average torque and efficiency. Therefore, early detection of PM demagnetization detection is of great importance.
Magnetization state of the PMs can be measured or estimated. Magnetization state can be directly measured on the surface of the rotor using a gauss meter [4] - [5] , however, this normally requires motor disassembly or even rotor removal. A PM field distribution measurement system for IPMSMs was presented in [6] , which provided precise and high bandwidth measurements of the PM field without interfering with the normal operation of the machine. Unfortunately, the use of such system is not viable if commercial applications due both to cost and installation issues.
In conclusion, systems for direct PM field measurement suitable for their use in industry are not available to the best of authors' knowledge.
Alternatively to direct measurement, magnetization state can be estimated to detect either global or partial demagnetization. Global demagnetization detection methods that have been proposed include the use of backelectromotive-force (BEMF) [7] - [9] , pulse injection [10] , and high-frequency signal injection [11] - [12] . BEMF and pulse injection methods require the machine to be rotating, estimation with the motor at standstill not being possible. High-frequency signal injection methods can operate in the whole speed range. These methods estimate the PM magnetization state from the PM high-frequency resistance. However, these methods place concerns due to the potential adverse effects of the injected HF signal. Previous methods [7] - [12] provide an average estimate of PM magnetization state and therefore are not able to distinguish between global and local demagnetization.
A wide variety of local demagnetization detection methods have been proposed [13] - [23] , including stator current analysis [13] - [17] , zero-sequence voltage [18] , BEMF [19] , vibration analysis [20] - [21] , change in the shaft trajectory [22] , or signal injection [23] methods. Stator current analysis, zero-sequence voltage, BEMF, vibration and shaft trajectory methods require the machine to be rotating, whereas signal injection methods require the machine to be at standstill. Among online methods, stator current analysis [13] - [17] and BEMF [19] are the most appealing option, as they use the stator terminal variables, and do not require installation of additional sensors. A limitation of online spectrum analysis based methods [13] - [23] is that mechanical issues, such as eccentricity, load oscillations/variations or misalignments can induce frequency components in the stator current identical to that of local demagnetization, which makes it very difficult to distinguish between mechanical issues and local demagnetization.
Commercial PMSMs are often equipped with hall-effect field sensors intended for initial position estimation, their use for torque and motion control has also been reported [24]- [32] . The sensors can be digital [24]- [27] or analog [28]- [32] . Detection of PM demagnetization using hall-effect sensors is investigated in this paper. It will be shown that direct measurement of the PM flux can enable accurate and reliable detection of local PM demagnetization, with little influence from load and motor parameters. Both analog and digital hall sensors will be considered.
The paper is organized as follows: analysis of the measurements provided by digital and analog hall-effect sensors used in PMSMs is presented in section II, principles of demagnetization detection using both types of hall-effect sensors and experimental results to demonstrate the viability of the concepts are presented in section III.
Finally conclusions are provided in section V.
II. Flux measurement in PMSMs using hall-effect sensors
This section studies the behavior of digital and analog halleffect sensors mounted in PMSMs. The schematic design of the machine that will be used for the study is shown in Fig. 1a and 1b. Dimensions and ratings of the test machine are shown in Table I . Fig. 1c shows a Neomax 42SH PMs with rated magnetic flux density of 1.28T, which was used in the test machine. Fig. 1d shows the rotor lamination assembling, Fig.  1e shows the machine final assembling and Fig. 1f shows the end shield modified (see rectangular window) to allow insertion/extraction of the magnets without the need to remove the rotor. This is key to make viable the evaluation of magnets with a large variety of magnetization states. Table II Hall-effect sensors normally used in PMSM drives measure the magnetic flux density along a single direction (i.e. 1D sensors), y direction in the coordinate system shown in Fig.  1b being normally used [24]- [25] . For analysis purposes, field sensors that measure the magnetic flux density in x, y and z directions (3D sensors) will be used in this paper. The purpose of this is to study the sensitivity of the proposed method to the orientation of the sensor. It has been concluded from the preliminary analysis, that the magnetic flux density in the z-axis direction is not useful for detecting PM demagnetization, the measurements in this direction not being shown therefore in this paper.
For the experiments shown in this paper, PMs are first magnetized to the desired level using a pulse magnetizer shown in Fig. 2 and then inserted in the machine. The parameters of the magnetization circuit are shown in Table II . The magnetization state of the PMs can be changed between -1 to 1 pu uniform and non-uniform magnetization being feasible.
II.A Healthy machine (PMs fully magnetized)
The measured magnetic flux density by the three analog hall-effect sensors (see Fig. 1a and 1b) in the x-axis direction for one mechanical rotor revolution (which corresponds to three electrical periods) and without injecting stator current (i.e. i dq =0pu) are shown in 
The trajectory of the resulting magnetic flux density complex vector in the x-axis direction is shown in Fig. 3b . A nearly hexagonal trajectory is observed.
The magnitude of B xdqs s and the corresponding FFT are shown in Fig. 3b-c , respectively. It can be observed from Fig. 3c that B xdqs s has a mean magnitude of ≈0.46T with a peak-topeak value of ≈0.01T (see Table III , case #1). The spectrum in Fig. 3d consists of a fundamental harmonic component, which rotates at the machine speed, and additional harmonic components. The fundamental component is in principle the desired component, as it is used for continuous torque production, while the harmonics are in principle undesired components, as they will produce torque pulsations, additional losses, etc. From (2), the total harmonic distortion (THD) can be used to assess the signal (fundamental component) to noise (additional harmonics) ratio. The THD for the case shown in Fig. 3 is 5.63%. Fig. 4 shows the same results as in Fig. 3 but for the y-axis direction (see Fig. 1 ). The mean value of B ydqs s is ≈0.54T in this case, with a peak-to-peak value of ≈0.0065T and a THD of 3.98%. The measurements and processing shown in Fig. 3 and 4 where repeated using digital hall-effect sensors, the corresponding results being shown in Fig. 5 and 6 . The resulting magnetic flux complex vector both for the x and yaxis is now an hexagon, as observed in Fig. 5b and 6b . The FFT of B xdqs s (see Fig. 5d ) is seen now to consists of a fundamental harmonic component which rotates at the machine speed and harmonics components of orders n=-5,7,-11, 13… whose magnitude is inversely proportional to the harmonic order. The THD of B xdqs s is 31.16% in this case. Fig. 6 shows the same results as Fig. 5 but for the y-axis direction. Case #1 in Table III summarizes all the results using both analog and digital field sensors.
III. Demagnetization detection using hall-effect sensors
Analysis of the signals provided by the hall-effect sensors for the case of healthy machines has been presented in the previous section. The use of these signals for demagnetization detection is discussed in this section. Fig. 7 and Fig. 8 show the same results as Fig. 3 and Fig. 4 when one of the magnets (PM #5 in Fig. 1) , is partially demagnetized. This corresponds to case #7 in Table III . It can be seen from Fig. 7a that peak values and zero crossing of the waveforms remain almost invariant for the x-axis, though changes in the magnetic flux density waveforms are readily visible. On the other hand, effects on the measurements in the y-axis direction (Fig. 8a) are significantly more noticeable. It is deduced from Fig. 7 and Fig. 8 that measurements in the y-axis are more sensitive to demagnetization.
III.A Machine with asymmetric fault: 1 PM partially demagnetized
It can be observed from It is concluded that either peak-to-peak or frequency content based analysis, e.g. THD, using the signals provided by analog hall effect sensors, allow reliable demagnetization detection, independent of whether the sensors are aligned with the x or y-axis direction. -Same results as in Fig. 3 for the case when PM #5 magnetization (see Fig. 1 ) is 0.5pu (0.64 T). x=0mm, y=0mm, z=5mm. ωr=1pu and idq=0pu, case #7 in Table III Fig. 5 for the case when PM #5 (see Fig. 1 ) magnetization is 0.5pu. x=0mm, y=0mm, z=5mm. ωr=1pu and idq=0pu, , case #7 in Table III Fig. 9 and Fig. 10 show the same results as Fig. 5 and Fig. 6 when PM #5 (see Fig. 1 ) is partially demagnetized and digital hall-effect sensors are used. The differences between the healthy machine (Fig. 5a ) and the machine with a demagnetized PM (Fig. 9a) cases are almost negligible. This is due to the digitalization process, as demagnetization barely affects to the zero crossing of the signal. Consequently, differences in the harmonic content for the digital signal B xdqs s between healthy (Fig. 5d) and faulty (Fig. 9d) machine, as well as differences in the THD, are almost negligible as well. It can be concluded that digital measurements along x-axis direction are inadequate to detect demagnetization. Measurements in the y-axis direction using digital sensors show slight differences between the healthy (Fig. 6a) and demagnetized ( Fig. 10a) cases; the increase of harmonic content of B ydqs s for the faulty machine resulting in a modest increase of the THD (from 31.16 to 33.11%). Fig. 11-Fig. 12 show experimental results when three of the PMs (PMs #4, #5 and #6 in Fig. 1 , case #8 in Table III ) are partially demagnetized,; Fig. 11 shows the results using analog hall-effect sensors along the x-axis direction, Fig. 12 along the y-axis direction. It can be observed form Fig. 11a and Fig. 12a that while the peak values of the waveforms are affected by the demagnetization, zero crossings remain almost invariant. Consistently with the experiments shown in Fig. 7and Fig. 8 , measurements in the y-axis are significantly more sensitive to demagnetization than the x-axis. As expected, the trajectories of B xdqs s and B ydqs s are not circular anymore (see Fig. 11b and Fig. 12b ). Fig. 11c and Fig. 12c show B xdqs s and B ydqs s while Fig.  11d and Fig. 12d show the corresponding frequency spectrum. The THD increases by an amount of ≈8.76% for the y-axis and ≈4.61% for the x-axis with respect to the healthy machine (case #1).
III.B Machine with asymmetric fault: multiple PMs partially demagnetized
Experimental results using digital hall-effect sensors are not included due to space restrictions. No significant differences exist with respect to case #3 discussed previously. Table III , case #8, summarizes the results.
Two cases using two magnets partially demagnetized (PM #5 and #6 in Fig. 1 ), #9 and #10 in Table III , have also been considered.
It can be observed from Table III that, consistently with the experimental results shown in Section II.B (cases #2-#5), differences in the THD, x and y-axis, are almost negligible when the demagnetization is <15%, differences among one, two or three demagnetized PMs cases being hardly detectable. As expected, the mean magnitudes of B xdqs s and B ydqs s decrease as the number of demagnetized PMs increases (for the same demagnetization degree). THD, x and y-axis, is seen to slightly depend on the number of demagnetized PMs, while peak-to-peak value is not affected, which was an expected result. Fig. 3 for the case when PMs #4, #5 and #6 ( see Fig. 1 ) magnetization is 0.9pu (1.15 T, case #8 in Table III) . x=0mm, y=0mm, z=5mm. ωr=1pu and idq=0pu. Results of all the experiments that have been performed are summarized in the right columns of Table III . Two major conclusions are reached: 1) demagnetization detection is significantly more challenging using digital sensors compared to the case of analog sensors and 2) y-axis is the preferred direction to measure the field for demagnetization detection purposes.
IV. Conclusions
The use of low cost hall-effect sensors for PMSMs demagnetization detection is proposed in this paper. Preliminary experimental results show that both analog and digital hall-effect sensors can be used for this purpose, with the first type being clearly advantageous. It has also been determined that alignment of the field sensor with the radial direction improves the sensitivity of the method. The THD and the peak-to-peak value of the magnetic flux density complex vector have been shown to be reliable metrics, the second one being much simpler to obtain in practice. Implementation issues which could affect to the performance of the proposed method have also been discussed, including magnets' temperature, offsets in the sensors, variations in the sensors' gains, assembling tolerances, stator current effects. 
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